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Abstract
The process eqey™WqWyg is analysed using the data collected with the L3 detector at LEP at a centre-of-mass
energy of 188.6 GeV, corresponding to an integrated luminosity of 176.8 pby1. Based on a sample of 42 selected WqWy
candidates containing an isolated hard photon, the WqWyg cross section, defined within phase-space cuts, is measured to
q ybe: s s290"80"16 fb, consistent with the Standard Model expectation. Including the process e e ™nngg , limitsWWg
are derived on anomalous contributions to the Standard Model quartic vertices WqWygg and WqWyZg at 95% CL:
y0.043 GeVy2-a rL2-0.043 GeVy2, y0.08 GeVy2-a rL2-0.13 GeVy2, y0.41 GeVy2-a rL2-0.37 GeVy2.0 c n
q 2000 Elsevier Science B.V. All rights reserved.
1. Introduction
The LEP centre-of-mass energy for eqey colli-
sions is now well above the kinematic threshold for
W-pair production allowing for the study of radiative
W-pair production, eqey™WqWyg . The Standard
Ž . w xModel SM 1,2 predicts the existence of quartic
Ž . q ygauge couplings QGCs , leading to W W g pro-
duction via s-channel exchange of a g or Z boson as
shown in Fig. 1a.
As the contribution of these two quartic Feynman
diagrams with respect to the other competing dia-
grams, mainly initial-state radiation, is negligible at
the LEP centre-of-mass energies, the process leading
1 Supported by the German Bundesministerium fur Bildung,¨
Wissenschaft, Forschung und Technologie.
2 Supported by the Hungarian OTKA fund under contract num-
bers T019181, F023259 and T024011.
3 Also supported by the Hungarian OTKA fund under contract
numbers T22238 and T026178.
4 Supported also by the Comision Interministerial de Ciencia y´
Tecnologıa.´
5 Also supported by CONICET and Universidad Nacional de
La Plata, CC 67, 1900 La Plata, Argentina.
6 Also supported by Panjab University, Chandigarh-160014,
India.
7 Supported by the National Natural Science Foundation of
China.
to the WqWyg final state could thus be sensitive to
anomalous contributions to the SM quartic gauge-bo-
son vertices WqWygg and WqWyZg .
Ž .The existence of Anomalous QGCs AQGCs
q ywould also affect the e e ™n n gg process via thee e
WqWy fusion Feynman diagram containing the
q y w x Ž .W W gg vertex 3 see Fig. 1b . In the SM the
q yreaction e e ™ nngg proceeds predominantly
through s-channel Z exchange and t-channel W
exchange, with the two photons coming from initial
state radiation, whereas the SM contribution from the
WqWy fusion is negligible at LEP. AQGCs would
enhance the nngg production rate, especially for the
hard tail of the photon energy distribution and for
photons produced at large angles with respect to the
beam direction.
Here we describe the cross section measurement
for the process eqey™WqWyg and the determina-
tion of AQGCs using the data collected in 1998 with
'w x Žthe L3 detector 4 at ss188.6 GeV denoted as
' .ss189 GeV hereafter corresponding to an inte-
grated luminosity of 176.8 pby1. AQGCs are also
independently determined using acoplanar photon-
pair events with missing energy. This analysis is
'performed using the data at ss189 GeV and at
' 'Žss182.7 GeV collected in 1997 denoted as ss
.183 GeV hereafter corresponding to a total inte-
grated luminosity of 231.7 pby1. The results derived
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Fig. 1. Feynman diagrams containing a four-boson vertex leading
q yŽ . Ž .to the a W W g and to the b n n gg final states.e e
q yon AQGCs from the W W g and nngg channels
are finally combined.
The search for anomalous contributions to the SM
quartic couplings is performed within the theoretical
w xframework of Refs. 5,6 . Recently, experimental
measurements for these couplings have already been
performed on final states with three vector bosons
q y w x w xW W g 7 and Zgg 8 .
2. WHW Ig final state and signal definition
There are 14 Feynman diagrams at the tree level
leading to the WqWyg final state, and many other
diagrams corresponding to photons from the decay
products of hadronic or leptonic W’s. We are inter-
ested only in two of these, the quartic diagrams. The
other diagrams leading to the same final state are
Ž .initial state radiation ISR , final state radiation
Ž .FSR , and radiation from the W boson itself.
The Monte Carlo used for the WqWyg cross
w xsection determination is KORALW 9 . This genera-
tor does not include the quartic coupling diagrams.
Initial state multi-photon radiation is implemented in
KORALW in the full photon phase space. FSR from
charged leptons in the event up to double
w xbremsstrahlung is included using the PHOTOS 10
package. Fragmentation processes of quarks into
w xhadrons are made according to the JETSET 11
algorithm including photons in the parton shower.
For the WqWyg cross section measurement, this
modelling is sufficient since the contribution of all
the other diagrams is very small. The background
q y q yŽ .processes such as e e ™Zrg™qq g and e e
Ž . w x™ZZ™4 f g are simulated using PYTHIA 12 .
The L3 detector response is simulated by the pro-
w xgram GEANT 13 .
In this analysis, the WqWyg signal is defined by
the following phase-space cuts:
v E ) 5 GeV, where E is the energy of theg g
photon,
v u ) 208, where u is the angle between theg g
photon and the beam axis,
v a ) 208, where a is the angle between theg g
direction of the photon and that of the closest
charged lepton or jet.
These cuts are mainly chosen for experimental
reasons, to optimise the photon identification and the
background suppression. They also largely avoid any
infrared and collinear singularities in the calculation
of the signal cross section.
The theoretically predicted WqWyg cross sec-
Ž .tion from KORALW corresponds to 272 " 4 stat
w xfb. In the EEWWG program 6 the effect of unde-
tected additional ISR collinear to the beam pipe is
w xincluded 14 by implementing the EXCALIBUR
w x15 collinear radiator function. The effect of the
higher order radiative corrections is to move the
effective centre-of-mass energy towards lower val-
ues, reducing the expected signal cross section by
about 18%. The resulting EEWWG cross section
Ž .corresponds to 233 " 12 theor fb. This is used as
the SM expectation in the anomalous coupling analy-
sis, which leads to less stringent constraints on
w xAQGCs. The theoretical uncertainty 14 is propa-
gated to the AQGC determination. Consistent results
w xare obtained with the YFSWW3 16 MC which
Ž .predicts 224 " 6 stat fb. Differences of this order
in the predicted cross section with high transverse
w xmomentum photons are expected 17 between pure
leading-log and leading-log plus matrix-element
based calculations.
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3. WHW Ig event selection and cross section
The W-pair event selections used here are similar
w xto those reported in Ref. 18 . Only the semileptonic
and fully hadronic W-pair decay modes are consid-
ered. The number of selected data events and the
expected number of signal and background events
are shown in Table 1.
The photon selection in WqWy events is opti-
mised for each four-fermion final state. Photons are
selected by requiring energy deposition in the elec-
tromagnetic calorimeter not associated with any track
in the central detector, and low hadronic activity in a
cone of half-opening angle of 78 around the electro-
magnetic cluster. The profile of the shower must be
consistent with that of an electromagnetic particle. In
addition, the highest energy photon has to satisfy the
signal definition requirements: E ) 5 GeV, u )g g
208, and a ) 208. Fig. 2 shows the distributions ofg
E , u , and a , where for the last variable theg g g
direction of the reconstructed hadronic jet is assumed
as the direction of the quark in the final state. In
general, good agreement between the data and the
SM expectation is observed.
Table 2 summarises the results for the applied
selection criteria. In total 42 WqWyg events are
selected, where 37.8"0.6 is the Monte Carlo expec-
tation. The efficiency ´ is defined as the numberWWg
Žof selected KORALW events regardless of any
.phase-space cuts divided by the number of gener-
ated MC events satisfying the signal definition. It
accounts for small possible migration effects of
events from outside the signal region into the se-
lected sample due to the finite detector resolution.
Table 1
Number of observed events, selection efficiencies with statistical
uncertainties, expected total number of events and background
estimates for the various WqWy decay channels according to the
SM prediction. The efficiencies shown here include the contribu-
tion of cross efficiencies from the other W-pair decay modes.
exp expDecay channel N ´ N Nobs WW TOT Bkgr
qqen 355 0.768"0.005 361 19e
qq mn 364 0.834"0.002 375 19m
qqtn 313 0.605"0.003 300 42t
qqqq 1514 0.892"0.006 1486 296
Fig. 2. Differential distributions, for the semileptonic and fully
q y Ž . Ž .hadronic W W g decay modes, of a the photon energy, b the
Ž .angle of the photon to the beam axis and c angle of the photon
to the closest charged lepton or jet. The hatched area is the
Ž .background component from ZZ, Zee, and qq g events. Final
state radiation includes the contribution of photons radiated off the
charged fermions and photons originating from isolated meson
decays. In the upper plot, the distribution corresponding to a
non-zero value of the anomalous coupling a rL2 is shown as an
dotted line.
The WqWyg cross section is evaluated channel
by channel and then combined according to the SM
W-pair branching fractions. The result is:
s s290"80"16 fb ,WWg
where the first error is statistical and the second
systematic. The measurement is in good agreement
Table 2
Number of observed events, selection efficiencies with statistical
uncertainties and expected number of total and background events
including final state radiation.
exp exp expDecay channel N ´ N N qNobs WWg TOT FSR Bkgr
qqen g 6 0.483"0.025 5.85"0.26 2.26"0.14e
qq mn g 5 0.547"0.027 6.87"0.28 2.88"0.17m
qqtn g 7 0.351"0.018 4.63"0.22 2.05"0.14t
qqqqg 24 0.504"0.016 20.4"0.38 9.23"0.26
total 42 – 37.8"0.6 16.4"0.4
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with both the KORALW and EEWWG SM expecta-
tions.
Fig. 3 shows the result obtained together with the
predicted total WqWyg cross section from the
EEWWG Monte Carlo as a function of the centre-
of-mass energy.
The systematic uncertainties arising in the inclu-
w xsive W-pair event selections 18 are propagated to
the final measurement and correspond to an uncer-
tainty of " 6.3 fb. Other possible systematic biases
due to detector effects such as electro-magnetic clus-
ter resolution, angular resolution, and calorimetric
energy scale uncertainty are found to have a negligi-
ble effect on the final result.
The total systematic uncertainty is dominated by
the JETSET modelling of photons from meson de-
Ž 0 .cays p ,h . To estimate this effect, a data sample
y1 'of 3.9 pb collected in 1998 at ss 91 GeV is
studied. The same photon identification criteria are
applied to the selected Z™qq events. An overall
Ž .excess of 20"10 % in the photon rate is found in
data with respect to the PYTHIA Monte Carlo which
uses the same JETSET fragmentation algorithm and
particle decays as KORALW. A correction factor
given by the ratio of photon production rates in data
and MC is determined as a function of the photon
energy. This correction is applied to the background
component of qqg MC events as well as to the
q y q y 'Fig. 3. Measured cross section for e e ™W W g at ss
Ž .189 GeV point compared to the SM cross section as a function
Ž .of the centre-of-mass energy solid line as predicted by the
EEWWG Monte Carlo within the indicated phase-space cuts. The
shaded band corresponds to the theoretical uncertainty of "5%.
The three dashed lines correspond to the cross section for non-
2 Ž y2vanishing values of the anomalous coupling a rL in GeVn
.units .
hadronic side of the WqWyg MC events. The
uncertainty on this correction is propagated to the
measurement as a systematic uncertainty on the
WqWyg cross section which corresponds to " 15
fb.
4. Determination of anomalous quartic gauge cou-
plings
The selected WqWyg events allow us to con-
strain anomalous contributions to the SM quartic
gauge boson vertices. In the framework of Refs.
w x5,6 , the extended Lagrangian includes new dimen-
sion-6 operators,
e2 a0 mn aL sy F F W PW0 mn a216 L
e2 ac ma bL sy F F W PWc mb a216 L
ie2 an Ž i. Ž j. Žk .a mnL sy e W W W F ,n i jk ma n216 L
where a rL2, a rL2, and a rL2 are the AQGCs,0 c n
and L represents the energy scale for new physics.
The two parameters a rL2 and a rL2, which are0 c
separately C and P conserving, generate anomalous
WqWygg and ZZgg vertices. The term a rL2,n
which is CP violating, gives rise to an anomalous
contribution to WqWyZg . Although there are al-
w x w x 2ready direct 7,8 and indirect 19 limits on a rL0
and a rL2, only the study of WqWyg eventsc
allows for a direct measurement of the anomalous
coupling a rL2 through the WqWyZg vertex.n
The EEWWG program implements the effects of
the AQGCs through the extended SM Lagrangian.
Fig. 3 shows how the anomalous coupling a rL2n
manifests itself through a deviation of the total cross
section.
The anomalous component from the above opera-
tors is linear in the photon energy at the matrix
w xelement level 6 . This implies that also the shape of
the photon spectrum is affected by AQGCs, in par-
Žticular, the hard part of the energy distribution see
.Fig. 2a . The expected distribution for any value of
the three AQGCs is obtained by reweighting each
Ž .KORALW MC event with the ratio W E ,a ,a ,ag 0 c n
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of the known differential distributions of E at gen-g
erator level:
W E ,a ,a ,aŽ .g 0 c n
ds EEWWG ds KORALW
s a ,a ,a .Ž .0 c ndE dEg g
The reweighting procedure is applied only to the ISR
component of the MC selected sample, while the
Ž .FSR from KORALW and the background compo-
nents of accepted events are kept fixed. The possible
dependence of the selection efficiency on the photon
polar angle and on the angular separation from the
charged fermions in the event is found to be negligi-
ble.
Both the shape and the normalisation of the ob-
served photon spectrum in the range from 5 GeV to
30 GeV are used in a maximum-likelihood fit to
each of the anomalous couplings a rL2, a rL2 and0 c
a rL2, fixing the other two to zero. The effects ofn
the same systematic uncertainties described for the
cross section measurement are included, yielding the
68% CL intervals:
y0.028 GeVy2 - a rL2 - 0.028 GeVy20
y2 2 y2y0.04 GeV - a rL - 0.09 GeVc
y2 2 y2y0.26 GeV - a rL - 0.23 GeV .n
The results are in good agreement with the SM value
of zero for each of the anomalous quartic gauge
couplings. The 1-parameter limits at 95% CL are:
y0.045 GeVy2 - a rL2 - 0.045 GeVy20
y2 2 y2y0.08 GeV - a rL - 0.13 GeVc
y2 2 y2y0.41 GeV - a rL - 0.37 GeV .n
H I5. The e e ™nngg process
The selection of acoplanar multi-photon events is
w xidentical to that described in Ref. 20 . At least two
photons with energies greater than 5 GeV and 1 GeV
are required, with polar angles between 148 and
w x w x1668. The KORALZ 21 and NUNUGPV 22 Monte
q yCarlo generators are used to model the e e ™nngg
process according to the SM. The effects of the
AQGCs a rL2 and a rL2 are simulated using the0 c
w xEENUNUGGANO program 3 . Note that nngg
production is not sensitive to the a rL2 coupling.n'We select 14 events at ss183 GeV and 21
'events at ss189 GeV compared to a SM expecta-
tion of 13.3 and 36.2 events respectively.
The EENUNUGGANO program does not de-
scribe the effects of the SM s-channel Z exchange
diagrams and the interference between these dia-
grams and the WqWy fusion diagram containing the
WqWygg vertex. Therefore additional cuts are ap-
plied to suppress the SM contribution. The energy of
both photons must be greater than 10 GeV. If both
Ž < < .photons are in the barrel region cosu -0.7 , either
the recoil mass must be less than 80 GeV or the sum
of the photon energies must be greater than 100
GeV. If one or two photons are in the endcaps,
where the SM contribution is larger, the recoil mass
must be less than 75 GeV. After applying these cuts
no data event is selected, consistent with the SM
expectation of 0.15 events.
The expected number of events for any AQGC
value is calculated based on a sample of ten thou-
sand simulated EENUNUGGANO events generated
for several values of a rL2 and a rL2. Its matrix0 c
element is used to reweight the events to any AQGC
value required, testing the procedure by comparing
the reweighted distributions to those from samples
generated at various values of AQGCs. In all cases
good agreement is observed.
Since the program does not include higher order
corrections due to ISR, these effects are estimated by
w ximplementing the EXCALIBUR 15 collinear radia-
tor function. The cross section is reduced by about
16% which is used in the following. The remaining
w xtheoretical uncertainty of 5% 14 is taken into ac-
count in the AQGC limits. The systematic uncer-
w xtainty on the selection efficiency 20 gives a much
smaller contribution.
The 95% CL upper limit on the number of ex-
pected events from the AQGC signal is obtained
taking into account the systematic error on the ac-
cepted cross section; this corresponds to the follow-
ing 1-parameter limits at 95% CL:
y0.067 GeVy2 - a rL2 - 0.066 GeVy20
y2 2 y2y0.18 GeV - a rL - 0.18 GeV .c
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6. Conclusion
All results obtained results are in a good agree-
ment with the SM expectation of zero for each
anomalous quartic gauge boson couplings.
Combining the results on a rL2 and a rL2 from0 c
q your analyses of W W g and nngg production, we
derive the following 1-parameter 95% CL limits:
y0.043 GeVy2 - a rL2 - 0.043 GeVy20
y2 2 y2y0.08 GeV - a rL - 0.13 GeVc
y2 2 y2y0.41 GeV - a rL - 0.37 GeV .n
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